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The aim of this study is to determine the optimum condition for biohydrogen production from sugarcane
bagasse (SCB) hydrolysate using a central composite design and response surface methodology (RSM).
SCB was hydrolyzed with 0.5% (v/v) sulfuric acid at 121 C, 0.15 MPa for 60 min in an autoclave at a solid
to liquid ratio of 1:15 (g:mL). Heat-treated bacterium obtained from a hydrogen producing fermentor
was used as the inoculum. The interaction of three factors, i.e., substrate concentration, substrate:buffer
ratio and inoculum:substrate ratio on hydrogen production potential (P) were investigated. The results
indicated that the substrate concentration, substrate:buffer ratio and inoculum:substrate ratio had a
signiﬁcant inﬂuence effect on P. An optimal condition was found at substrate concentration of 22.77 g-
total sugar L1, 4.31 substrate:buffer ratio, and 0.31 inoculum:substrate ratio resulted in a maximum P of
6980 mL H2 L1. The conﬁrmation experiment results indicated that optimum P was statistically sig-
niﬁcant, from the predicted value obtained by RSM which suggests that RSM could be efﬁciently used to
optimize a biohydrogen production from SCB hydrolysate using mixed cultures. These results indicates
that the SCB hemicellulose hydrolysate is suitable as a fermentation media for producing biohydrogen.
This approach will add value to SCB by converting agricultural waste into a safe and clean form of
energy.
© 2016 Chinese Institute of Environmental Engineering, Taiwan. Production and hosting by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).1. Introduction
Our energy supply comes mainly from fossil fuels for trans-
portation and industrialization resulting in not only environmental
pollution, but also economic and political problems owing to their
limited reserves and uneven distribution. Nowadays, alternative
energy can come from natural resources (wind, sunlight,
geothermal power and biomass) which are inexhaustible. Using
these resources to supply our energy needs supports sustainable
development, while also lowering greenhouse gas emissions. The
different characteristics of an energy resource can be evaluated in).
Institute of Environmental
l Engineering, Taiwan. Production
d/4.0/).terms of sustainability and their ability to replace traditional fuels
at different levels including power generation, heating, as a trans-
port fuel and for rural energy. In developing countries, biomass
represents the major source of renewable energy because of its
commonly used as the local energy supply. Bioenergy is a fuel
derived from a biological source (biomass) and is also referred to as
biofuel. Biomass is deﬁned as any organicmaterial coming from any
form of life or its derived metabolic production. Biodiesel and
bioethanol are biofuels that currently are the only alternative en-
ergy source able to replace transportation fuel in vehicle engines
without involving major modiﬁcations. Previous researches study
biofuel from biomass such as agricultural waste [1], food waste [2]
and microalgae [3e5].
On the other hand, some scientists predict hydrogen as the “fuel
of the future”, and the worldwide trend is the shift away from non-
renewable fuels towards the establishment of renewable hydrogenand hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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might efﬁciently exploit the potential of hydrogen energy for use in
motor vehicles. As of November 2013 there are demonstration
ﬂeets of hydrogen fuel cell vehicles undergoing ﬁeld testing
including; the Chevrolet Equinox Fuel Cell, Honda FCX Clarity,
Hyundai ix35 FCEV and Mercedes-Benz B-Class F-Cell [6].
Hydrogen is considered to be an ideal energy source for the future
due to its cleanliness and high energy yield of 142 kJ g1, which is
2.75 times greater than that of any hydrocarbon fuel. Hydrogen
production technologies can be classiﬁed as physicalechemical and
biological methods. Physicalechemical methods are very energy
intensive and result in the emission of harmful greenhouse gases
(CO, CO2 and CH4) that have an impact on global warming. In
contrast, biological methods for biohydrogen production are more
environmentally friendly, lower in energy consumption and have a
cheaper substrate cost because hydrogen can be produced from
raw materials such as organic waste, agricultural waste [7,8], in-
dustrial wastewater [9] and municipal waste [10]. These substrates
are readily available and have been widely used in anaerobic
fermentation to produce hydrogen gas in environmentally friendly
ways [11].
Biohydrogen from cellulose is a high value-added product, since
cellulosic biomass is the most abundant renewable resource on
earth. In addition, biohydrogen can be produced from non food
crops of inedible waste products and does not divert food away
from the animal or human food chain. However, pretreatment is an
important tool for the cellulosic bioconversion process because it
has great potential for improving the efﬁciency of the anaerobic
process. Thailand is an agricultural country and sugarcane is one of
the important industrial crops. It can be cultivated in all parts of
Thailand, except in the South, with a cultivation area of more than
960,000 ha. Approximately 48 Mt of sugarcane are produced each
year [12]. Sugarcane bagasses (SCB) are a waste left after the sug-
arcane extraction process. Since the bagasse accounts for approxi-
mately 25% of sugarcane mass, about 12 Mt of SCB are produced
annually. Themost common use for SCB is for energy production by
combustion [13] with can cause environmental problems because
of the emissions of CO2. SCB consists of three main fractions, i.e.,
cellulose, hemicelluloses and lignin of which 30e35% is hemi-
celluloses [14]. The generation of hydrogen from SCB using anaer-
obic fermentation usually requires substrate pretreatment
procedures. Diluted acid treatment of hemicelluloses fraction in
SCB yields a solution containing mainly glucose and xylose with a
small amount of arabinose [14,15]. Since bonds in cellulose are
stronger than in hemicelluloses, a solid waste of cellulose and lignin
is obtained in the diluted acid hydrolysis of SCB [15]. Due to its
composition, hydrolysate of SCB is a very attractive rawmaterial for
the production of hydrogen. An important consideration in
hydrogen production from SCB hydrolysate though, is that during
hydrolysis several inhibitory compounds are formed [16].
Several factors affect biohydrogen production in addition to
nature of the microbial ﬂora [17] such as temperature, pH, mineral
medium formulation, the type of inoculums, the proﬁle of organic
acids produced and the type and concentration of substrate.
Particularly, pH is a key parameter in biological processes as it af-
fects enzyme activities, metabolite transporters, and the microbial
community. Therefore the production media formulation must
include buffering compounds such as sodium or ammonium bio-
carbonate to reduce pH variations during cultivations. Teli et al. [18]
reported the buffering capacity, strongly affects the biohydrogen
yield. However, high concentrations of a buffer may have an
inhibitory effect on anaerobic fermentation. An optimal sub-
strate:buffer ratio of 2e2.5 was found which maintained the pH
around 5e5.5. Therefore, the optimization of fermentation condi-
tions are importance for biohydrogen production.In conventional multifactor experiments, optimization is usually
carried out by varying a single factor while keeping all other factors
ﬁxed at a speciﬁc set of conditions. This is not only time-consuming,
but it is usually impossible to reach the true optimum because the
process ignores the interactions among the other variables. As a
result, response surface methodology (RSM) has been proposed to
determine the inﬂuences of individual factors and their interactive
inﬂuences. RSM is a statistical technique for designing experiments,
building models, evaluating the effects of several factors, and
searching for optimum conditions [19]. Recent studies have looked
at the optimization on hydrogen production [1,20]. However, the
statistical optimization on biohydrogen production from cellulosic
hydrolysate is still lacking in the literature.
The present study investigates the effects of substrate concen-
tration, substrate:buffer ratio and inoculum:substrate ratio on
hydrogen production from SCB hydrolysate. A central composite
experimental design was employed in planning the experiment in
order to ﬁnd out which experiment variables affect hydrogen
production potential by using RSM and a predictive polynomial
quadratic equation.
2. Material and methods
2.1. Sugarcane bagasse hydrolysate
SCB used in this study was obtained from a local sugar pro-
cessing plant (Thai Roong Reuang sugar industry, Phitsanulok,
Thailand). The SCB was air dried, milled and sieved through a
0.5 mm screen before being stored at room temperature prior to
usage. The composition (w/v) of the SCB was 38.1% cellulose, 21.2%
hemicelluloses, 8.3% lignin, 2.5% ash and 40.1% of other
components.
Acid hydrolysis of the SCB hemicellulose fractionwas conducted
at 121 C, 0.15 MPa for 60 min with 0.5% (v/v) sulfuric acid in an
autoclave at a solid to liquid ratio of 1:15 (g:mL). After hydrolysis, a
solid residue was separated by ﬁltration through a thin layer cloth.
The pH of the hydrolysate was adjusted to 10 with Ca(OH)2. The
resulting precipitate was removed by centrifugation (1500 rpm,
15 min) and then re-acidiﬁed to pH 7, followed by further centri-
fugation. The detailed procedures are delineated in a previous
study [1]. The supernatant was concentrated until a total-sugar
content of 200 mg L1 was achieved and kept at 4 C prior to use.
Total sugar was determined by the phenol sulfuric acid method
[21].
2.2. Seed microorganisms
The seed microorganisms in this study were taken from a 200 L
hydrogen pilot plant, with a volatile suspended solid (VSS) of
3.23 g L1. This reactor was continuously fedwith 20mg-total sugar
L1 and maintained at pH 6. Prior to use, the seed sludge was ﬁrst
washed with 0.75% w/v of NaCl2 and heated at 94 C for 60 min to
inhibit the bioactivity of the hydrogen consumers and to harvest
spore-forming anaerobic bacteria.
2.3. Experimental design
In order to assess the optimization of factors affecting hydrogen
production from SCB hydrolysate, a central composite experimental
design (CCD) and RSMwere conducted to evaluate the key variables
inﬂuencing hydrogen production potential from three factors;
substrate concentration (X1), substrate:buffer ratio (X2) and ino-
culum:substrate ratio (X3). RSM is an empirical statistical technique
employed for multiple regression analysis using quantitative data
obtained from properly designed experiments to simultaneously
S. Sangyoka et al. / Sustainable Environment Research 26 (2016) 235e242 237solvemultivariate equations. The graphical representations of these
equations are called response surface, which can be used to
describe the individual and cumulative effects of the test variables
on the production of biogas. It can also be used to determine the
mutual interactions between the test variables and their effect on
the production of biogas [22]. The range and the levels of variables
employed in this study are listed in Table 1. The center values (zero
level) chosen for experimental design were: substrate
concentration¼ 20 g-total sugar L1, substrate:buffer ratio¼ 4, and
inoculum:substrate ratio ¼ 0.2. In developing the regression
equation, the test variables were coded according to the equation:
Xi

Xi  Xi*
DXi

(1)
where xi is the coded value of the ith test variable, Xi is an uncoded
value of the ith test variable, Xi* is an uncoded value of the ith test
variable at the center point and DXi is the step size in varying the
value.
A total of twenty experimental runs (Table 1), in triplicate were
conducted [22]. The value of hydrogen production potential was
obtained as the response of the experiments. To predict the optimal
condition, the quadratic polynomial equationwas ﬁtted to correlate
between variables, the response (i.e., hydrogen production poten-
tial) and estimated response as the following equation:
Y ¼ A0 þ
X3
i¼1
AiXi þ
X3
i¼1
AiiX
2
i þ
X3
i¼1
X3
j¼1
AijXiXj (2)
where Xi are the input variables which inﬂuence the response
variable Y, A0 is the offset term, Ai the linear effect, Aii the squared
effect and Aij is the interaction effect. The input values of X1, X2 and
X3 corresponding to themaximumvalue of Ywere solved by setting
the partial derivatives of the functions to zero.Table 1
Full factorial central composite design matrix deﬁning substrate concentration, substrate
Trial Substrate concentration (X1)
(g-total sugar L1)
Substrate:Buffer ratio (X2)
(g L1 of total sugar/g L1 of
NaHCO3)
Code value Actual value Code value Actual value
Ratio (value)
1 1.000 10.00 1.000 2.00 (10/5)
2 0.000 20.00 0.000 4.00 (20/5)
3 1.000 30.00 1.000 2.00 (30/15)
4 1.000 30.00 1.000 2.00 (30/15)
5 0.000 20.00 1.682 0.64 (20/31.25)
6 0.000 20.00 0.000 4.00 (20/5)
7 1.000 30.00 1.000 6.00 (30/5)
8 1.682 36.82 0.000 4.00 (36.82/9.21)
9 0.000 20.00 0.000 4.00 (20/5)
0 0.000 20.00 0.000 4.00 (20/5)
11 0.000 20.00 0.000 4.00 (20/5)
12 1.000 10.00 1.000 6.00 (10/1.67)
13 0.000 20.00 1.682 7.35 (20/2.72)
14 0.000 20.00 0.000 4.00 (20/5)
15 1.000 10.00 1.000 6.00 (10/1.67)
16 1.682 3.18 0.000 4.00 (3.18/0.80)
17 1.000 30.00 1.000 6.00 (30/5)
18 1.000 10.00 1.000 2.00 (10/5)
19 0.000 20.00 0.000 4.00 (20/5)
20 0.000 20.00 0.000 4.00 (20/5)2.4. Hydrogen production
Hydrogen production experiments were performed in 200 mL
serum bottles with a working volume of 100 mL containing 1.5 mL
of 3.75% (w/v) L-cysteine as a reducing agent, various amounts of
substrate concentration, NaHCO3 as a buffer, and seed microor-
ganisms. The concentration of the substrate ranged from 10 to 30 g-
total sugar L1.
The ratio of substrate to buffer and the ratio of inoculum to
substrate were calculated from the total sugar. The fermentation
broth contained different concentrations according to the param-
eters in the design (Table 1). Each bottle was supplemented with
nutrients stock solution (Endo formulation) at a dosage of
0.5 mL L1. The nutrient stock solution contains following in themg
L1; 5240 NH4HCO3, 125 K2HPO4, 100 MgCl2$6H2O, 15
MnSO4$6H2O, 25 FeSO4$7H2O, 5 CuSO4$5H2O, 0.125 CoCl2$5H2O
which is modiﬁed from Lin and Lay [17]. The solution is then ﬁlled
to 100 mL with distilled water and the pH was adjusted to 6 using
either 1 N HCl or 1 N NaOH. Subsequently, the bottles were tightly
sealed using rubber septa and an aluminum cap. After replacement
of the gas phase with argon to create an anaerobic condition, the
serum bottle was incubated at 37 C and put in an orbital shaker set
at 150 rpm. All treatments were carried out in triplicate.2.5. Analytical method
Biogas volume was determined by a gas tight syringe at room
temperature (20 C) and pressure (760 mm Hg). The cumulative
hydrogen gas production was determined by using the following
equation [23].
VH;i ¼ VH;i1 þ CH;i

VG;i  VG;i1
þ VHCH;i  CH;i1 (3)
where VH,i and VH,i1 are the cumulative hydrogen gas volumes at
the current (i) and previous time interval (i1), respectively; VG,I
and VG,i1 the total biogas volume at the current and previous time
intervals; CH,i and CH,i1 is the fraction of hydrogen gas in the
headspace at the current and previous time intervals; and VH is the
volume of headspace of vials (100 mL). The removed biogas volume:buffer ratio and inoculums:substrate ratio.
Inoculum:Substrate ratio (X3)
(g L1 of VSS/g L1 of total sugar)
Hydrogen production
potential (P)
(mL)
CO2/H2 ratio
Code value Actual value
Ratio (value)
1.000 0.20 (2/10) 4827 1.41 ± 0.22
0.000 0.30 (6/20) 6852 1.28 ± 0.02
1.000 0.40 (12/30) 4938 1.24 ± 0.04
1.000 0.20 (6/30) 4605 1.27 ± 0.04
0.000 0.30 (6/20) 4794 1.29 ± 0.07
0.000 0.30 (6/20) 7019 1.17 ± 0.05
1.000 0.20 (6/30) 5229 1.13 ± 0.08
0.000 0.30 (11.05/36.82) 4721 1.09 ± 0.02
1.682 0.47 (9.4/20) 5836 1.17 ± 0.09
1.682 0.13 (2.6/20) 5791 1.45 ± 0.08
0.000 0.30 (6/20) 6934 1.26 ± 0.03
1.000 0.40 (4/10) 5058 1.18 ± 0.01
0.000 0.30 (6/20) 5527 1.06 ± 0.06
0.000 0.30 (6/20) 6957 2.13 ± 0.13
1.000 0.20 (2/10) 4839 1.08 ± 0.15
0.000 0.30 (0.95/3.18) 4229 1.22 ± 0.13
1.000 0.40 (12/30) 5552 1.10 ± 0.90
1.000 0.40 (4/10) 4934 1.04 ± 0.03
0.000 0.30 (6/20) 7008 0.96 ± 0.02
0.000 0.30 (6/20) 6991 1.05 ± 0.05
S. Sangyoka et al. / Sustainable Environment Research 26 (2016) 235e242238for analysis was also taken into account during the hydrogen mass
balance.
The composition of the product gas was measured with a CHINA
Gas Chromatography 8700T equipped with a thermal conductivity
detector and stainless steel column packed with Porapak Q. Argon
was used as the carrier gas. The temperature of the injector, column
and detector were all 50 C.
The concentration of organic acids and alcohols were deter-
mined with a ﬂame ionization detector and glass column packed
FON. The injector, column and detector temperature used were at
175, 145 and 175 C respectively, with nitrogen as the carrier gas.
The same methods were used in the previous studies [24,25].
pH, Total sugar, suspended solids (SS), and VSS were determined
according to Standard Methods [26].
2.6. Kinetic modeling
The cumulative volume of hydrogen production in the batch
experiment followed the modiﬁed Gompertz equation:
HðtÞ ¼ P exp



exp
Rme
P
ðl tÞ

þ 1

(4)
where H is the cumulative hydrogen production (mL); l the lag
time (h), P the hydrogen production potential (mL), and Rm the
maximum hydrogen production rate (mL h1).
3. Results and discussion
3.1. Overall performance in a typical experiment
The present study aims at understanding the effects of impor-
tant process variables, i.e., substrate concentration, substrate:buffer
ratio and inoculum:substrate ratio for fermentative hydrogen
production from SCB hydrolysate, and is partly based on our pre-
vious experiment [1]. The cumulative hydrogen production was
measured and calculated using Eqs. (3) and (4) with the modiﬁed
Gompertz equation, and P, Rm and lwere calculated. The regression
coefﬁcients were greater than 0.90 for all trials, indicating that the
parameters were statistically signiﬁcant.
Cumulative hydrogen production reached the maximum values
within 4 d. Methane was not observed in any bottles and l for
hydrogen production was less than 0.37 d, which was shorter thanTable 2
pH range and VFA distribution in the ﬁnal product.
Trial VFA (mg L1) Acetic (HAc) (%) Propionic (HP
1 3924 36.2 8.5
2 4195 35.1 7.4
3 4294 42.9 4.4
4 5582 43.2 6.9
5 5071 36.8 8.0
6 4034 33.2 7.8
7 3517 37.1 4.2
8 4398 42.2 7.9
9 4191 32.7 7.4
10 4209 25.8 9.1
11 4145 35.0 7.2
12 2750 33.6 8.3
13 2478 35.4 4.0
14 2728 43.7 8.6
15 3669 28.5 13.6
16 3041 40.2 0.0
17 3875 36.7 8.2
18 4257 42.6 8.1
19 2464 49.8 0.0
20 3633 37.9 7.8previously reported values (0.78e4 d) for batch tests with heat-
treated inoculums [27]. Organic acid productions for all batch re-
actors included mainly n-butyrate, acetate and propionate are
shown in Table 2. Among organic acid productions, n-butyrate was
produced almost simultaneously with hydrogen production. The
butyrate to acetate ratio (HBu/HAc) is often used to as an indicator
of the extent of biohydrogen production. The range of HBu/HAc
varied between 1.0 and 2.5. Previous studies indicated that efﬁcient
hydrogen occurs for HBu/HAc ratios between 2.6 and 4.0 [7]. This
suggests that the metabolite composition is greatly dependent on
the type of carbon substrate and bacterial population used. Our
results suggest that SCB hydrolysate is a potential source of
renewable biomass to produced hydrogen and inhibitory com-
pounds are not formed during SCB hydrolysis.
3.2. Optimization study for maximum hydrogen production rate
The optimal values of the three factors, i.e., substrate concen-
tration, substrate:buffer ratio and inoculums:substrate ratio and
their interactions on hydrogen productionwere further explored by
CCD and RSM.
The statistical model was developed by applying multiple
regression analysis on the experimental data and the following
second-order polynomial equation was established to calculate the
hydrogen production:
HP ¼ þ 6961:53þ 109:35*X1 þ 190:88*X2 þ 77:45*X3
þ 137:75*X1*X2 þ 41:25*X1*X3 þ 12:75*X2*X3
 887:52*X12645:16*X22  414:29*X32 (5)
X1, X2 and X3 are the coded values of substrate concentration,
substrate:buffer ratio and inoculums:substrate ratio, respectively.
Table 3 shows the results of the statistical model for the F-test, and
the analysis of variance (ANOVA) of the response surface quadratic
model. The ANOVA of quadratic regression model demonstrates
that the model is strongly statistically signiﬁcant (P < 0.0001). R2
was found to be 0.995, which means that the model could explain
99.5% of the total variations in the system. In regression, the R2
coefﬁcient is a statistical measure of how well the regression line
approximates the real data points. An R2 of 1.0 indicates that the
regression line perfectly ﬁts the data [28]. The value of the
regression coefﬁcient (R2 ¼ 0.995) suggests that the regressionr) (%) Butyric (HBu) (%) HBu/HAc pH range
55.4 1.53 4.05e4.61
57.5 1.64 4.35e4.36
52.8 1.23 4.33e4.35
49.9 1.16 4.56e4.56
55.2 1.50 5.17e5.19
59.1 1.78 4.35e4.37
58.7 1.58 4.06e4.36
50.0 1.19 4.09e4.29
60.0 1.84 4.17e4.48
65.1 2.52 5.19e5.34
57.9 1.66 4.28e4.42
58.1 1.73 4.51e4.61
60.6 1.71 4.40e4.62
47.7 1.09 6.11e6.19
57.9 2.04 4.18e4.32
59.8 1.49 4.37e4.85
55.1 1.50 4.16e4.32
49.3 1.16 4.14e4.16
50.2 1.01 4.08e4.10
54.4 1.43 4.19e4.31
Table 3
Analysis of variance for quadratic polynomial model.
Source Sum of squares DF Mean square F-value P-value
Prob > F
Model 1.789E þ 007 9 1.988E þ 006 229.91 < 0.0001
X1 1.633E þ 005 1 1.633E þ 005 18.89 0.0015
X2 4.976E þ 005 1 4.976E þ 005 57.54 < 0.0001
X3 81914.06 1 81914.06 9.47 0.0117
X1X2 1.518E þ 005 1 1.518E þ 005 17.55 0.0019
X1X3 13612.50 1 13612.50 1.57 0.2381
X2X3 1300.50 1 1300.50 0.15 0.7063
X1
2 1.135E þ 007 1 1.135E þ 007 1312.66 < 0.0001
X2
2 5.998E þ 006 1 5.998E þ 006 693.63 < 0.0001
X3
2 2.474E þ 006 1 2.474E þ 006 286.03 < 0.0001
R2 0.9952
S. Sangyoka et al. / Sustainable Environment Research 26 (2016) 235e242 239model was an accurate representation of the experimental data.
The result shows that the quadratic model in terms of substrate
concentration (X1), substrate:buffer ratio (X2), inoculums:substrate
ratio (X3) are signiﬁcant inﬂuences on hydrogen production po-
tential (P-value < 0.05).
The results also demonstrate there is a signiﬁcant interaction
between the substrate concentration and substrate:buffer ratio
(X1X2) (P-value ¼ 0.0019) while the interaction between the sub-
strate concentration and inoculums:substrate ratio (X1X3) (P-
value¼ 0.2381), the substrate:buffer ratio and inoculums:substrate
ratio (X2X3) (P-value ¼ 0.7063) are not signiﬁcant (Table 3).
3.3. Effects of substrate concentration, substrate:buffer ratio and
inoculums:substrate ratio
The three-dimensional response surface and two-dimensional
contour lines as shown in Fig. 1a and b are based on Eq. (5) with
one variable kept constant at its optimum level and varying the
other two variables within the experimental range. The response
surface of hydrogen production potential (Fig. 1a) shows a clear
peak, indicating that optimum conditions fell inside the design
boundary. The effect of the substrate concentrationwas statistically
signiﬁcant (P ¼ 0.0015). Hydrogen production potential increased
with the increase in substrate concentration from 10 to 22.77 g-
total sugar L1 and then hydrogen production potential decreased
when substrate concentration was greater than 22.77 g-total sugar
L1. This is expected because more carbon is available at a higher
total sugar concentration. Hydrogen production decreased at a total
sugar concentration of 30 g L1 which is probably due to substrate
inhibition.
Previous work has shown the effects of substrate concentration
on hydrogen production. Initial substrate concentration plays an
important role on the yield and production rate of hydrogen [29].
Low initial substrate concentration results in a low rate of
fermentation. Fermentation time increases as substrate concen-
tration increases [30]. Further evidence can also be found that
substrate concentration inﬂuences the hydrogen production. The
increase in substrate concentration could increase hydrogen pro-
duction up to a certain level. Also, excessive substrate concentra-
tion can cause a buildup of cell concentration and volatile fatty
acids (VFAs) in the system leading to a decline of pH in the reactor
which could inhibit hydrogen production [31]. In addition, an in-
crease in substrate concentration could lead to buildup partial
pressure in the fermentation system. The accumulation of partial
pressure in the headspace of reactor could cause the hydrogen
production to be switched to solvent production resulting in
reduced hydrogen production [32]. An inhibitory effect of high
substrate concentration generally occurs in anaerobic digestion
processes, depending on the types of substrates andmicroorganisms. Chen et al. [25] reported that hydrogen produc-
tion from sucrose by Clostridium butyricum CGS5 showed the best
performance at the initial sucrose concentration of 20 g-COD L1,
while the fermentation process was inhibited at the initial sucrose
concentration of 30 g-COD L1. This agrees with Oh et al. [32] who
reported biohydrogen generated by Citrobacter sp. Y19with glucose
as a carbon source showed the yield of hydrogen production
gradually decreased with increasing glucose concentration at the
levels higher than 20 g L1. Our previous results show that the
optimum substrate concentration for biohydrogen production from
the fermentation of SCB hydrolysate by C. butyricumwas 20 g-COD
L1 [1]. In the present study, hydrogen production potential
reached the peak value of 6980 mL L1 at 22.77 g-total sugar L1
initial substrate concentration.
Fig. 1c and d illustrate the interactive effect of substrate con-
centration and the inoculums:substrate ratio on hydrogen pro-
duction potential with its optimums shown at the peak of the
response curve (Fig. 1c). Hydrogen production potential increases
with increasing substrate concentration and inoculums:substrate
ratio at low values but it decreases with further increasing in
substrate concentration and inoculums:substrate ratio at high
levels. The highest hydrogen production potential (6980 mL L1)
was obtained when the inoculums:substrate ratio was 0.31. The
two-dimensional contour of hydrogen production potential with
respect to substrate concentration and inoculums:substrate ratio
(Fig. 1d), shows an ellipse shaped contour plot (Fig. 1d). However,
the interactive effect of the substrate concentration and inocu-
lums:substrate ratio on hydrogen production potential was not
signiﬁcant (P > 0.05). This phenomenon was attributed to the fact
that the ratio of inoculums to substrate can increase the hydrogen
production rate. However, at a higher inoculum volume, more of
the carbon source was devoted for biomass production than
hydrogen production [33].
The graphical representation provides a method to visualize the
relationship between the response and experimental values of
inoculums:substrate ratio and substrate:buffer ratio on hydrogen
production potential for the purpose of ﬁnding the optimum con-
ditions (Fig. 1e and f) with the optimum shown on the top of the
surfaces and the smallest ellipse in the contour line. The highest
hydrogen production potential was obtained at a ratio of substrate
to buffer of 4.31. The interaction between substrate:buffer ratio and
inoculums:substrate ratio (X2X3) was not signiﬁcant (P > 0.05).
However, the ratio of substrate to buffer was signiﬁcant (P < 0.05),
indicating that the buffer plays an important effect on hydrogen
production potential. The formation of hydrogen is accompanied by
the production of VFAs or other solvents during the anaerobic
digestion process, which causes the pH to drop. Therefore, alka-
linity in the form of carbonate or bicarbonate as a supplement is
necessary in the reactor. pH is important as one of the factors
controlling the anaerobic biological processes due to its effects on
Fe-hydrogenase activity, metabolic pathways, and the duration of
the lag phase [34]. A bacterial medium always contains buffering
compounds to reduce the pH ﬂuctuations during the initial growth
periods. In an anaerobic reactor, the pH value and its stability are
important. The potential of a substrate to generate acids can be
predicted by its composition. Carbohydrate-rich substrates have a
greater potential to acidify the media during anaerobic fermenta-
tion. As a result, in some situations, system stability is hard to
maintain. In hydrogen fermentation, reactors tend to acidify readily
and a reduction in the pH may result [35]. Low initial pH values
below 5.0 inhibit hydrogen production [36]. On the other hand,
high initial pH values such as 9.0 decrease lag time, but have a
lower level of hydrogen production [37]. In these cases, it becomes
necessary to either add external sources of alkalinity or to adopt
adequate operational strategies [38,39]. In biohydrogen production
Fig. 1. Response surface and contour plots for the effect on substrate concentration, substrate:buffer ratio and inoculums:substrate ratio on hydrogen production potential. (a)
Response surface and (b) contour plots for the effect on substrate concentration and substrate:buffer ratio on hydrogen production potential. (c) Response surface and (d) contour
plots for the effect on substrate concentration and inoculums:substrate ratio on hydrogen production potential. (e) Response surface and (f) contour plots for the effect on sub-
strate:buffer and inoculums:substrate ratio on hydrogen production potential.
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Table 4
Measured and calculated values of the conﬁrmation experiments.
Trial Substrate
(g-total sugar L1)
Substrate:buffer
ratio (g L1 of total sugar/g L1
of NaHCO3)
Inoculums:substrate
ration (g L1 of VSS/g L1
of total sugar)
Hydrogen production potential
(mL H2 L1 substrate)
Bias %a
Ratio (value) Ratio (value) Measure Calculated
21 20 2 (20/10) 0.30 (6/20) 6054 ± 40 6094 0.70
22 20 4 (20/5) 0.20 (4/20) 5770 ± 20 6972 17.20
23 20 6 (20/3.33) 0.30 (6/20) 6243 ± 58 6601 5.40
24 22.77 4.31 (22.71/5.30) 0.31 (7.04/22.71) 6928 ± 68 6980 0.75
a Bias was calculated using the equation: [(calculated valueexperimental value)/calculated value]  100.
S. Sangyoka et al. / Sustainable Environment Research 26 (2016) 235e242 241systems, bicarbonate alkalinity plays an important role, as it allows
buffering of pHwhen VFA production becomes excessive. However,
biocarbonate interacts with CO2, another major gaseous end
product in anaerobic systems. An increase in the biocarbonate
concentration in the feed increases the CO2 fraction in the gas phase
because of carbonate dissolution [39].3.4. Conﬁrmation experiments and adequacy of the models
To conﬁrm the validity of the statistical experimental strategies
and to gain a better understanding of hydrogen production from
SCB hydrolysate by mixed culture, four additional conﬁrmation
experiments were conducted. The chosen conditions for substrate
concentration, substrate:buffer ratio and inoculums:substrate ratio
for hydrogen production potential are listed in Table 4. The data in
Table 4 reveals that the optimum hydrogen production potential
measured was close to those estimated using RSM. This conﬁrms
that the RSM analysis is a useful technique to optimize the bio-
hydrogen production.4. Conclusions
The present work focused on optimizing factors affecting
hydrogen production from SCB hydrolysate by mixed cultures. The
CCD/RSM approach was employed for research planning. The
optimal condition for hydrogen production in the culture was at pH
6 and 37 C. Experimental results showed that buffer:substrate
ratio had a signiﬁcant inﬂuence on the hydrogen production po-
tential. A maximum hydrogen production potential of 6980 mL H2
L1 was estimated at the optimum conditions of substrate con-
centration 22.77 g-total sugar L1, 4.31 substrate:buffer ratio, and
0.31 inoculum:substrate ratio. Four additional experiments conﬁrm
that the optimum hydrogen production potential measured was
close to the estimated value using the RSM. The experimental re-
sults demonstrated that RSM with the CCD was useful for opti-
mizing hydrogen production from SCB hydrogen by mixed culture.Acknowledgements
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